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Abstract: As a frequently-used roadbed filler, soil-rock mixture is often in the environment of freeze-thaw cycles and
different confining pressures. In order to study the freeze-thaw damage mechanism of elastic modulus of soil-rock
mixtures at different confining pressures, the concept of meso-interfacial freeze-thaw damage coefficient is put forward
and the meso-interfacial damage phenomenon of soil-rock mixtures caused by the freeze-thaw cycle environment is
concerned; a double-inclusion embedded model for elastic modulus of soil-rock mixtures in freezing-thawing cycle is
proposed. A large triaxial test was performed and the influences of confining pressure and experimental factors on
elastic modulus of soil-rock mixtures were obtained, and then the accuracy of the double-inclusion embedded model to
predict the elastic modulus of soil-rock mixtures in freezing-thawing cycle is verified. Experiment results showed that
as to soil-rock mixtures, with the increase of confining pressure, the elastic modulus increases approximately linearly.
The most crucial factors to affect the elastic modulus are rock content and compaction degree at the same confining
pressure; the elastic modulus increases with the increase of rock content and compactness; as the number of freeze-thaw
cycles increases, the freeze-thaw damage coefficient of meso-structural interface and the elastic modulus decrease.
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construction of riverbanks, roadbeds, dams, port

1 Introduction yards, and foundations, and widely distributed in
seasonally frozen-ground region [2].

The granulometric composition of soil-rock Elastic modulus of soil-rock mixtures can be

mixtures is extremely dispersive. The coarse used to predict the landslide mechanism of

granules, such as rubbles and gravels, skeletonize accumulation slope ar.1d design roadbed padding
the soil-rock mixtures; while the fine particles, such made of coarse soils [3]. However, elastic
as sands and clays, fill the void of the skeleton. So, characteristic research on soil-rock mixtures is still
the mechanic property of soil-rock mixtures based on eng’ineering 'experier’lce. The' clastic
depends on the combined effect of coarse granules modu'lus of soil-rock mixtures is determined by
and fine particles [1]. Soil-rock mixture is a experimental methods. ZHANG et al [4] and LI
common backfilling geo-material in  civil et al [5] used the indoor shear creep test to study the
engineering, and it is often applied to the long-term strength of soil-rock mixtures in the
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Chengdu area of China, but this method is time-
consuming, expensive, and can only determine the
elastic modulus of soil-rock mixtures at some
certain area. Some scholars studied the deformation
characteristics, such as small deformation and
non-collapsibility of soil-rock mixtures from dams
by the moisture-density test. The empirical equation
methods work under some certain test conditions
[6—9]. If out of the certain test conditions of
empirical equation methods, the prediction error
will be quite big and the result will be misleading
[10—12]. XING et al [13] analyzed the destructive
behavior of soil-rock mixtures with different rock
content after the freeze-thaw cycle through large
indoor three-axis experiments, but the theoretical
calculation model of the characteristics of soil-rock
mixture under freeze-thaw cycle is not obtained.
ZHOU et al [14] carried out a microscopic
simulation of soil-rock mixture using PFC*P, and
analyzed the influence of freeze-thaw cycle on the
intergranular strength of soil-rock. However, both
test methods and empirical equation methods can
not accurately reflect the microscopic mechanics of
soil-rock mixtures [15, 16]. As a result, in order to
make sure that the design of soil-rock mixtures is
real effective and safe, it is necessary to establish
suitable mechanical models to predict the elastic
properties of the earth-rock mixture in the complex
natural environment.

MA et al [17] studied the equivalent elastic
modulus of sandy pebble soils while without

concerning the Poisson ratio in the prediction model.

YANG et al [18] proposed two models for the
prediction of the elastic modulus of soil-rock
mixtures under freezing state, but the soil-rock
mixtures in freezing-thawing cycle have not yet
been studied. KANG et al [19] studied the
mechanical properties of muddy sandy soil under
freezing-thawing cycles. WANG et al [20] studied
and analyzed the properties of powdered soil
mechanics through the process of freezing and
thawing cycle through indoor three-axis test.
ROUSTAEI et al [21] carried out an experimental
study on the mechanical parameters of fiber-
reinforced fine grain soil after the effect of freeze-
thaw circulation. XU et al [22] designed laboratory
studies on energy dissipation and injury studies on
frozen loess during deformation. JAMSHIDI et al
[23] studied the hydraulic strength properties of

different types of soil-cement under freezing-
thawing cycles. JAMSHIDI et al [24] also studied
the effect of freeze-thaw cycles on the performance
and microstructure of cement-treated soils. ROSA
et al [25] conducted laboratory studies on the
freeze-thaw properties of fly ash stabilizing
materials and recycled road materials. GEER et al
[26] used image data obtained from scanning
acoustic microscopes to estimate the effective
elastic modulus of geological materials.

The soil-rock mixtures are widely distributed
in seasonally frozen-ground region [27]. With the
development of construction in this region, the
research on soil-rock mixtures under freeze—thaw
cycle action should be comprehensively studied by
the laboratory tests and the theoretical analysis. So,
building the mechanical model for soil-rock
mixtures under freeze-thaw cycle is very essential
because of the basic universality of theoretical
analysis [28, 29].

It is important to study the elastic modulus of
soil-rock mixtures at different confining pressures,
because the geo-materials always work at different
confining pressures in engineering. The large-scale
of triaxial test apparatus is adopted to test the elastic
modulus of soil-rock mixtures at different confining
pressures. Then based on the existing theory [18], a
double-inclusion embedded model is set up to
calculate the elastic modulus of soil-rock mixtures
in freeze-thaw cycle. Finally, the experimental
results verified the calculation model of the elastic
modulus of soil-rock mixture.

2 Experiment analysis

The experiment was based on the test platform
of the National Engineering Laboratory for High
Speed Railway Construction. The large-scale of
static triaxial test apparatus was adopted to test
elastic modulus of the soil-rock mixtures at
different confining pressures.

In this paper, the mechanical damage effect of
soil and rock mixture under freezing-thawing
environment is studied by orthogonal test. The
factors include rock content (A), compaction degree
(B), water content (C), number of freeze-thaw
cycles (D), freezing temperature (E), and each
factor has four different levels. The factors and
levels of the designed orthogonal test are shown in
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Table 1. The scheme of orthogonal designed large-
scale triaxial test is shown in Table 2.

Table 1 Factors and levels of designed orthogonal test

Factor
Level
B C D E
1 35% 87% 2% 0 -2 °C
2 45% 90% 4% 3 =5°C
3 55% 92% 6% 6 -8 °C
4 65% 95% 8% 10 =11 °C

Through indoor large-scale triaxial experiment,
a total of 64 stress—strain curves of 16 groups of
soil-rock mixture samples under different confining
pressure and five factors were obtained. The secant
modulus of axial strain varying from zone to a third
of the peak strain corresponding to the maximum
static strength is regarded as the elastic modulus of
soil-rock mixtures. The test results of elastic
modulus of each specimen of soil-rock mixtures
under different conditions are summarized in
Table 2.

Under different confining pressure, the elastic
modulus of the specimen changes greatly. With the
increase of confining pressure, the elastic modulus
of the test piece increases. The effect of orthogonal
design factors on elastic modulus is analyzed by
polar analysis and anovaise method of orthogonal

test.

Sample SY14 (The test results and the values
of influencing factors are shown in Table 2) is taken
as an example to draw stress—strain curve, as shown
in Figure 1.

It can be concluded from Figure 1 that the
soil-rock mixture is a material conforming to the
binary medium model [30], and consists of
soil-covered macadam structure (the bonding
element) and interface between structural pores and
inclusions (the frictional element). When the
confining pressure is low, as the deviatoric stress
increases, the soil-covered macadam structure is
gradually crushed, forming more interface between
structural pores and inclusions, which causes more
bonding elements to be converted into frictional
elements. The deformation modulus of the friction
element is lower than the deformation modulus of
the bonding element at low confining pressure, so
that the pressure difference formed by the
transformation of the bonding element into the
friction element is larger, and the soil-rock mixture
exhibits obvious strain-softening; as the confining
pressure increases, the deformation modulus of the
frictional element increases, and the pressure
difference formed by the transition from bonding
element to friction element decreases, which
weakens the strain-softening property of soil-rock

Table 2 Orthogonal designed test scheme and results of elastic modulus

Factor Elastic modulus/MPa
Test No.
A B C D E 50 kPa 100 kPa 200 kPa 300 kPa
SY1 35% 87% 2% 0 -2°C 6.61 8.64 12.22 15.43
SY2 35% 90% 4% 3 -5°C 6.58 8.67 12.09 15.47
SY3 35% 92% 6% 6 -8°C 6.89 9.21 13.47 17.41
Sy4 35% 95% 8% 10 -11°C 6.39 9.67 12.37 16.41
SY5 45% 87% 4% 6 -11°C 7.55 9.52 13.17 16.33
SY6 45% 90% 2% 10 -8 °C 7.48 9.61 13.01 16.37
SY7 45% 92% 8% 0 -5°C 8.13 10.54 14.84 18.71
SY8 45% 95% 6% 3 —2°C 7.66 10.92 13.71 17.71
SY9 55% 87% 6% 10 -5°C 8.31 10.27 14.02 17.11
SY10 55% 90% 8% 6 —2°C 8.80 11.01 14.22 17.67
SY11 55% 92% 2% 3 -11°C 9.57 12.04 16.27 20.11
SY12 55% 95% 4% 0 -8 °C 9.42 12.76 15.53 19.61
SY13 65% 87% 8% 3 -8 °C 11.10 13.15 16.75 19.95
SY14 65% 90% 6% 0 —11°C 11.85 14.05 17.20 20.70
SY15 65% 92% 4% 10 -2°C 10.70 13.15 17.35 21.25
SY16 65% 95% 2% 6 =5°C 11.25 14.55 17.35 21.45
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Figure 1 Stress—strain relationship of soil-rock mixture

sample SY 14 under different test conditions

mixture under high confining pressure. For the
same specimen, the increasing of confining pressure
resulted in increased elastic modulus, which shows
that the restraint caused by high confining pressure
is significant. In addition, the impacts of the
orthogonal designed factors on the elastic modulus
need to be analyzed by means of range analysis and
variance analysis.

2.1 Analysis of relationship between elastic
modulus and confining pressure
According to the triaxial test results, the
relationship between elastic modulus and confining
pressure of each specimen is shown in Figure 2.

2.2
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Figure 2 Relation curve of elastic modulus and
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By surveying the influence law between elastic
modulus and confining pressure, the -elastic
modulus increases with the increase of confining
pressure, and the trend presents nearly linear
positive correlation. Then the relation equation of

linear positive correlation between confining
pressure and elastic modulus is assumed in this
study:

E=moy+n (1)

where n is the elastic modulus of the soil-rock
mixture without confining pressure; m is the
confining pressure coefficient, which is related to
the mechanical properties of the soil-rock mixtures.
According to the test data of o3 and E, as shown in
Table 2, m and n of each specimen can be fitted by
Eq. (1), as summarized in Table 3.

Table 3 Coefficient summary of relation between elastic
modulus and confining pressure

Test No. m n/kPa
SY1 35.2 5012.7
SY2 35.2 4980.8
SY3 42.0 4922.2
SY4 379 5053.7
SY5 35.1 5936.3
SY6 35.2 5903.6
SY7 422 6199.2
SY8 38.1 6308.5
SY9 353 6691.5
SY10 34.8 7263.4
SYI11 41.9 7684.1
SY12 38.5 8065.8
SY13 353 9505.9
SY14 35.0 10309.0
SY15 41.9 8795.8
SY16 38.6 9870.3

The range of m is 35—43. By calculating the
average of the test piece confining pressure
coefficient m under the same rock content, the
relationship between rock content and m can be
obtained as shown in Table 4.

The relation curve between confining pressure
coefficient m and rock content is shown in Figure 3.

Table 4 Relation between rock content and coefficient m

Rock content/% m
35 37.58
45 37.65
55 37.63
65 37.70
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It can be seen that the confining pressure coefficient
increases with the increase of rock content.

The polynomial function fitted by the
confining pressure coefficient m and the rock
content Cg is shown as:

m = 30C) — 45C; + 22.225C, + 34.0275 ()

According to the experimental results, it can
be found that, compared with other geotechnical
materials, the elastic modulus of soil-rock mixtures
is significantly affected by confining pressure
changes. The reason is that the lateral deformation
of relatively loose materials such as soil-rock
mixture is greatly affected by the restraint effect
under the confining pressure. The deformation
modulus of the friction element is lower than the
deformation modulus of the bonding element at low
confining pressure, so that the pressure difference
formed by the transformation of the bonding
element into the friction element is larger, and the
soil-rock mixture exhibits obvious strain-softening;
as the confining pressure increases, the deformation
modulus of the frictional element increases, and the
pressure difference formed by the transition from
bonding element to friction element decreases,
which weakens the strain-softening property of
soil-rock mixture under high confining pressure.
For the same sample, the elastic modulus increases
due to the increase of confining pressure, indicating
that the constraint effect caused by high confining
pressure on the specimen is significant. Moreover,
different confining pressures lead to different
constraint strengths, which leads to the change of
elastic modulus of earth-rock mixture with the
change of confining pressures.

2.2 Effect of experimental factors on elastic
modulus

By calculating the value range of the five
factors, the influence degree of each test factor on
the elastic modulus was obtained, as shown in
Table 5, and then the relational graph of them was
got as shown in Figure 4. Then the influence degree
of various factors on the elastic modulus of soil-
rock mixtures was analyzed by variance analysis
method of variance experiment.

According to the data in Table 5, it can be
found that the differences in the experimental
results of different groups are caused by the level of
experimental factors, rather than errors. And The
influence degree order of factors at different
confining pressure is obtained. It can be seen that
for soil-rock mixtures materials, rock content and
compaction degree have the greatest influence on
its elastic modulus, and it increases with the
increase of rock content and compacting degree.
Followed by the number of freezing-thawing cycles,
with more freezing-thawing cycles, the -elastic
modulus of soil-rock mixtures become smaller. The
influence of water content and freezing temperature
on the elastic modulus of soil-rock mixture is small.
Therefore, in the application of soil-rock mixture,
the elastic modulus of soil-rock mixture can be
effectively controlled by adjusting the stone content
and density.

3 Application of freeze-thaw damage
model

The environment of freeze-thaw cycle brings
some damage effects to the interfacial layer of
particles of soil-rock mixtures [31, 32]. There are
lots of interface voids between rock aggregates and
soils due to the loose and stochastic properties of
soils [33]. The physical change of pore water in the
interface voids is subjected to the freeze-thaw cycle
environment, which will lead to the change of
mechanics properties for interface layer between
rock aggregates and soils. Owing to the volume
expansion of pore water in the process from liquid
to solid, the interface layer of soil-rock mixtures
under freeze-thaw cycle will be damaged by the
inflated deformation phenomenon of pore water [34,
35], which will affect the mechanical properties of
soil-rock mixtures. YANG et al [18] established a
two-layer embedded model of single inclusion
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Table 5 Analysis of variance experiment results
i Variance analysis
Prcezglil;ga Inng::rce Levell Level2 Level3 Leveld  Range Dev-Sq DOF  F-ratio P-value Significance
A 6.62 7.71 9.03 11.23 4.61 47.18 3 725.86  <0.01 ok
B 8.39 8.68 8.82 8.68 0.43 0.39 3 6.00  <0.10 *
C 8.73 8.56 8.68 8.61 0.16 0.07 3 1.00  >0.10
>0 D 9 8.73 8.62 8.22 0.78 1.26 3 19.43  <0.05 ok
E 8.44 8.57 8.72 8.84 0.4 0.36 3 5.60  <0.05 *
Error 0.07 3
A 9.05 10.15 11.52 13.73 4.68 48.75 3 696.39  <0.01 ok
B 10.4 10.84 11.24 11.98 1.58 5.40 3 77.19  <0.01 ok
C 11.21 11.03 11.11 11.09 0.19 0.07 3 1.00  >0.10
100 D 11.5 11.2 11.07 10.68 0.82 1.39 3 19.89  <0.05 ok
E 10.93 11.01 11.18 11.32 0.39 0.37 3 527  >0.10
Error 0.07 3
A 12.54 13.68 15.01 17.16 4.63 47.32 3 591.51 <0.01 ok
B 14.04 14.13 15.48 14.74 1.44 5.33 3 66.65  <0.01 ok
C 14.71 14.54 14.6 14.55 0.18 0.08 3 1.00  >0.10
200 D 14.95 14.71 14.55 14.19 0.76 1.22 3 1521  <0.05 ok
E 14.38 14.58 14.69 14.75 0.38 0.33 3 4.13 >0.10
Error 0.08 3
A 16.18 17.28 18.63 20.84 4.66 48.24 3 660.82  <0.01 oAk
B 17.21 17.55 19.37 18.8 2.17 12.51 3 171.43  <0.01 oAk
C 18.34 18.17 18.23 18.19 0.18 0.07 3 1.00 >0.1
300 D 18.61 18.31 18.22 17.79 0.83 1.40 3 19.23 <0.05 ok
E 18.02 18.19 18.34 18.39 0.37 0.34 3 4.60 >0.1
Error 0.07 3

composite material to obtain the elastic modulus of
soil-rock mixture (can be abbreviated as S-RM)
considering rock wrapped by soil in the mesoscopic
structure of soil-rock mixture at normal temperature,
and established a three-layer embedded model of
double inclusion composite material and multistep
multiphase micromechanics model to obtain the
elastic modulus of a frozen soil-rock mixture by
giving an interface ice interlayer attached between
the soil and rock interface in the mesoscopic
structure  of freezing
temperature. But the soil-rock mixtures in freeze-
thaw cycle has not yet been studied.

As to the soil-rock mixtures in the freeze-thaw
cycle, considering the interfacial layer between the
rock aggregates and the soils [36, 37], it can be
taken as a three-phase composite which is
composed of rock aggregates, interfacial layer, and
soils. Then based on the existing theory [18], a

soil-rock mixture at

double-inclusion embedded model is set up to
calculate the elastic modulus of soil-rock mixtures
in freeze-thaw cycle (can be abbreviated as FS-RM).
In order to simplify the meso-structure, the diagram
of circular double-inclusion embedded model is
established, as shown in Figure 5.

The “mechanics method of decomposing the
whole into several parts” is employed to simplify
the double-inclusion embedded model. Firstly, take
the rock aggregates wrapped by the interfacial layer
as an independent research object, which is a
single-inclusion model called transition-inclusion
body. So, the elastic modulus of the transition-
inclusion body can be solved by the former
single-inclusion embedded prediction model.
Secondly, take the transition-inclusion body
wrapped by the soils as an independent research
object, which is a single-inclusion model called
final-inclusion body. So, the elastic modulus of the
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considering interface effect

final-inclusion body can be solved by the former
single-inclusion embedded prediction model. That
is, the elastic modulus of soil-rock mixtures after
freeze-thaw cycle can be solved after twice using
the single-inclusion embedded prediction model.
The interfacial layer of soil-rock mixtures
under normal state was not considered in the
single-inclusion embedded prediction model before.
So, the double-inclusion embedded prediction model

for soil-rock mixtures after freeze-thaw cycle is also
suitable for soil-rock mixtures under normal state.

In order to estimate the damaging degree of
interfacial layer, the concept about freeze-thaw
damage coefficient of meso-structural interfacial
layer is put forward in this study. The formula of
damage coefficient J is defined as:

5= 21 100% 3)
%
where Jy is the freeze-thaw damage coefficient of
soil-rock mixtures after non-freeze-thaw cycle; J, is
the freeze-thaw damage coefficient of soil-rock
mixtures after n freeze-thaw cycles.
Then the calculation model of the elastic
modulus of soil-rock mixture is verified and

compared with the experimental results.

3.1 S-RM under normal environment

Before applying the embedded model of
soil-rock mixtures under normal state (can be
abbreviated as S-RM) [12], the volume fraction of
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each phase, such as soils, rocks, structural void,
should be determined by the three-phase diagram of
soil-rock mixtures, as shown in Table 6. Among the
16 sets of specimens, four specimens (SY1, SY7,
SY12, and SY14) are the S-RM without freeze-
thaw cycle.

Table 6 Volume fraction of each phase in each specimen
Rock  Number of Volume fraction/%

Test
No. COI})Z:M/ frei;iig;aw Soils  Rocks Struct[ural
void
SY1 35 0 65.2 314 3.4
SY2 35 3 65.5 32.1 24
SY3 35 6 65.7 32.6 1.7
SY4 35 10 66.1 332 0.7
SY5 45 6 554 403 43
SY6 45 10 557 411 32
SY7 45 0 559 414 2.7
SY8 45 3 562 42.1 1.7
SY9 55 10 449 495 5.6
SY10 55 6 453 49.8 4.9
SY11 55 3 45.8 50.2 4.0
SY12 55 0 46.2 50.9 29
SY13 65 3 35.1 59.1 5.8
SY14 65 0 35.5 59.5 5.0
SY15 65 10 35.8 59.7 4.5
SY16 65 6 36.2 60.4 3.4

The elastic modulus of soil is 2.62 MPa and
Poisson ratio is 0.4. The elastic modulus of rock is
40 GPa and Poisson ratio is 0.2. The structural void
was formed by an incomplete parcel by soils in the
interfacial layer between soils and rock aggregates.
Therefore, structural void and soils coexist in the
contact surface of the rock aggregates. The
equivalent elastic property of the interfacial layer
should be between soils and structural void, and it
is proposed as a times the elastic property of soils.
The a is called structural coefficient of interfacial

layer, which is figured up by back-analysis method
using laboratory test data.

The single-inclusion embedded model and the
double-inclusion embedded model are used to
calculate the elastic modulus of S-RM. The test data
n can be calculated by Eqgs. (1) and (2). The
calculation results are shown in Table 7.

The prediction value of double-inclusion
embedded model is less than the wvalue of
single-inclusion embedded model in general. That
is because the structural void plays a weakening
effect in the elastic modulus of soil-rock mixtures.
After considering the weakening effect of
interfacial structural void, the difference between
the prediction value of double-inclusion embedded
model and the test result is quite small.

The relation curve between rock content and
elastic modulus of S-RM is shown in Figure 6. The
elastic modulus of S-RM increases with the
increase of rock content, especially during the range
of 45%—55%.

3.2 FS-RM under freeze-thaw cycle environment

The structural void of soil-rock mixtures after
freeze-thaw cycle (can be abbreviated as FS-RM) is
hypothesized the same as the structural void of
S-RM. The volume fraction of each phase of each
specimen is shown in Table 6. Among the 16 sets of
specimens, 12 sets of specimens (SY2 to SY16) are
the FS-RM with several freeze-thaw cycles.

The double-inclusion embedded model is used
to calculate the elastic modulus of FS-RM. The test
data n can be calculated by Eqs. (1)—(2). The
freeze-thaw damage coefficient  is calculated by
the back-analysis method. The results are shown in
Table 8.

With the increase of the number of freeze-thaw
cycles, the elastic modulus of soil-rock mixtures
was gradually reduced. The elastic modulus of
soil-rock mixtures after freeze-thaw cycle increases
with the increase of rock content.

Table 7 Elastic modulus of S-RM by two proposed models and laboratory test

Number of

S-RM

Laboratory test Structural

TestNo.  Rock content/% freeze-thaw cycles Single-inclusion  Double-inclusion value, n coefficient, a
model model
SY1 35% 0 4.86 5.01 5.01 0.5
SY7 45% 0 6.25 6.25 6.20 0.5
SY12 55% 0 8.29 8.03 8.07 0.5
SY14 65% 0 11.67 10.17 10.31 0.5
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Figure 6 Relation curve between rock content and elastic
modulus of S-RM

Table 8 Elastic modulus of FS-RM by proposed model

and laboratory test
Rock Number S-RM Freeze-thaw
Test of freeze- (Double- Laboratory  damage
content/ . . )
No. o thaw  inclusion test value n coefficient,
%
cycles  model) 0
SY2 35 3 4.98 4.98 0.73
SY3 35 6 497 4.92 0.55
SY4 35 10 4.98 5.05 0.43
SY5 45 6 5.84 5.94 0.59
SY6 45 10 5.85 5.90 0.46
SY8 45 3 6.25 6.31 0.77
SY9 55 10 6.64 6.69 0.50
SY10 55 6 7.15 7.26 0.61
SYyi1 55 3 7.68 7.68 0.81
SY13 65 3 9.52 9.51 0.84
SY15 65 10 8.78 8.80 0.52
SY16 65 6 9.84 9.87 0.64

Table 9 shows the mean value of the freeze-
thaw damage coefficient 0 of different specimens
under the same number of freeze-thaw cycles. With
the increase of the number of freeze- thaw cycles,
the freeze-thaw damage coefficient decreases
gradually.

Table 9 Mean value of freeze-thaw damage coefficient 0
of different specimens under same number of freeze-
thaw cycles

Number of Mean value of freeze-thaw
freeze-thaw cycles damage coefficient o
0 1.00
3 0.79
6 0.60
10 0.48

Figure 7 shows the relation curves of the mean
value of the freeze-thaw damage coefficient with
different numbers of freeze-thaw cycles. When the
number of freeze-thaw cycle is zero, the freeze-
thaw damage coefficient is one. When the number
of freeze-thaw cycles is less than 6, with increasing
of the number of freeze-thaw cycles, the freeze-
thaw damage coefficient of meso-structural
interface decreases rapidly. When the number of
freeze-thaw cycles is more than 6, with increasing
of the number of freeze-thaw cycles, the freeze-
thaw damage coefficient of meso-
interface decreases slowly.

structural

o 0
Fitted curve

Mean o

T

0.4 1 1 1 1
0 2 4 6 8 10

Number of freeze-thaw cycles
Figure 7 Relation curves of mean value of freeze-thaw

0.5

damage coefficient with different numbers of freeze-
thaw cycles

The empirical formula of the mean value of
the freeze-thaw damage coefficient with different
numbers of freeze-thaw cycles is fitted as:

5 =0.0032n% —0.0851 +1.0042 (4)

3.3 Accuracy assessment of proposed model

The relative error of elastic modulus between
the test data and the proposed models is shown in
Table 10. The accuracy of the proposed models can
be verified by the lager-scale triaxial test designed
by the orthogonal method. The
maximum relative error of the single-inclusion
embedded model is 13.21%, while the maximum
relative error of the double-inclusion embedded
model is 1.59%.

experiment

4 Conclusions

1) Based on existing theories, the freeze-thaw
damage coefficient of interfacial layer of soil-rock
mixtures is put forward, and then the double-
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Table 10 Relative error of elastic modulus between proposed models and test data

Relative error of elastic modulus/%

Test No. Rock Number of S-RM S-RM FS—RM
content/%  freeze-thaw cycles (Single-inclusion (Double-inclusion (Double-inclusion
embedded model) embedded model) embedded model)

SY1 35 0 -3.00 —0.02 —

SY2 35 3 — — 0.06

SY3 35 6 — — 0.98

SY4 35 10 — — —-1.54

SY5 45 6 — — -1.59

SY6 45 10 — — —0.98

SY7 45 0 0.75 0.75 —

SY8 45 3 — — —1.00

SY9 55 10 — — —0.78

SY10 55 6 — — -1.51

SY11 55 3 — — —0.05

SY12 55 0 2.83 —0.48 —

SY13 65 3 — — 0.19

SY14 65 0 13.21 -1.35 —

SY15 65 10 — — —-0.21

SY16 65 6 — — —0.33

inclusion embedded model is established to predict
the elastic modulus of soil-rock mixtures under
freeze-thaw cycle environment. The accuracy of the
proposed model is verified by the lager-scale
triaxial test designed by the orthogonal experiment
method. The maximum relative error of the
single-inclusion embedded model is 13.21%, while
the maximum relative error of the double-inclusion
embedded model is only 1.59%.

2) The soil-rock mixture is quite sensitive to
the confining pressure, and shows obvious strain
softening property under low confining pressure.
With the increase of confining pressure, the strain
softening property of soil-rock mixture decreases
continuously. The elastic modulus of soil-rock
mixtures increases with the increase of confining
pressure, and the trend presents nearly linear
positive correlation, and the positive correlation
coefficient is mainly related to the rock content.

3) Rock content and compaction degree have
the greatest influence on elastic modulus of soil-
rock mixtures, and it increases with the increase of
rock content and compacting degree. Followed by
the number of freezing-thawing cycles, with more
freezing-thawing cycles, the elastic modulus of

soil-rock mixtures become smaller. The influence of
water content and freezing temperature on the
elastic modulus of soil-rock mixture is small.

4) When the number of freeze-thaw cycles is
less than six, with the increase of the number of
cycles, the freeze-thaw damage
coefficient of meso-structural interface decreases

freeze-thaw

rapidly. After more than six freezing-thawing cycles,
with increasing of the number of freeze-thaw cycles,
the freeze-thaw damage coefficient of meso-
structural interface decreases slowly.
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